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Abstract 
Oil palm empty fruit bunches (EFB) are currently poorly utilized residue from palm oil processing but considered to 
be a potential feedstock for power generation. This study focuses on the combination of the hydrothermal (HT) 
conversion and the water leaching to produce low-potassium biofuel in order to reduce the slagging and fouling 
potential of the EFB. Combination of HT process at 180°C and the water leaching not only reduced the ash content of 
the biomass but also reduced the potassium and chlorine contents, indicating the effectiveness of this combination to 
produce clean fuel. The total of 92% reduction of potassium can be obtained, while ash content can be significantly 
reduced from 4.9% to 0.9% wt. The potassium balance for HT process at 180°C followed by the water leaching is 
also presented in this study. By calculating the metal oxide ratio in the ash, several slagging/fouling indices can be 
determined. The slagging and fouling tendency of EFB is improved after HT followed by the leaching process, 
lowering the tendency of biomass to harm the furnace. 
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1. Introduction 
Researches on renewable and sustainable energy are growing rapidly in effort to mitigate current 
global energy problems such as rising energy demand, depleting fossil fuels, and environmental impacts 
coming from fossil fuels use. Biomass for clean, renewable, and sustainable energy is believed to be a 
good alternative to fossil fuels owing to its feature of CO2 neutral and its wide availability. However, 
some operating problems such as ash deposition (fouling and slagging) and agglomeration still become 
major limitation in biomass energy conversion system [1-2].  
These operating problems are mainly caused by inherent inorganic constituents which presents 
naturally as macronutrients for biomass growth [1, 3-5]. Alkali metals in biomass fuel, in combination 
with other ash elements, have major effects on slagging and fouling. Among alkali elements, potassium is 
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more damaging than sodium [4-5]. Beside the high alkali-related problems, the use of biomass as 
feedstock are challenging due to high moisture, low bulk density, and low energy density [7]. These 
characteristics are not economical for storage, transportation, and thermo-chemical conversion. Therefore, 
a pretreatment prior to combustion is necessary to overcome these limitations of biomass fuel [7-9]. 
A combination of two pretreatments, the hydrothermal (HT) and the water leaching, is proposed in this 
research. HT has been widely employed to convert raw biomass into higher energy density coal-like fuel 
for various applications [8-11]. HT process not only produces a more suitable form for thermochemical 
conversion [9] but also has been reported to be able to remove some part of inorganics including Ca, Mg, 
S, P, and K [7]. Previous efforts have been performed to study water washing performance to remove the 
undesirable constituents from biomass which cause ash deposition problems during biomass combustion 
[1, 3-5] and many has reported its effective removal for K, Na, Cl and other inorganics. To date, 
researches on the combination of these two pretreatments have not been reported yet. 
This study is focusing on the use of palm oil empty fruit bunch (EFB), which is a byproduct from palm 
oil industries, for energy generation. Huge amount of this waste was generated in Indonesia [12] but 
poorly utilized, arising many problems associated with the improper disposal practices of EFB [13]. 
Therefore, utilizing EFB to generate energy and power is very potential, but similar to other biomass, 
EFB has a high alkali content, thus may damage the biomass-fired plants.  
In this research, an experimental investigation of HT and the water leaching combination is performed 
to study the effects of these pretreatment processes on EFB characteristics, particularly focusing on the 
potassium content as the main cause of ash-related problems. The removal efficiency of potassium has 
been examined for various HT and leaching conditions to investigate the effect of HT and the leaching on 
the potassium behavior. Some indices to determine slagging and fouling tendencies were also calculated, 
using elemental analysis of the ash.  
2. Materials and methods 
2.1. Materials 
The dried milled EFB samples with the size less than 10 mm was used in this study. The sample was 
the byproduct from palm oil mill in Malaysia which was received from Yonsei University, Korea.  
2.2. Experimental : hydrothermal treatment and water leaching 
HT experiments were conducted using a batch type autoclave reactor. The detailed configurations of 
the facility can be found elsewhere [14]. In brief, biomass sample was loaded and mixed with distilled 
water with 1:10 biomass-water ratio into the reactor. The reactor was heated until reaching to the target 
temperature of 100, 150, 180, and 220oC and held for 30 minutes. After completion, the products were 
extracted from the reactor, oven dried at 105oC, and stored at sealed bag before used for subsequent 
experiment and analysis. 
The raw biomass and the hydrochars produced from HT process were then subjected to the water 
leaching experiment conducted using a batch-leaching system. For each leaching experiment, 
approximately 3 g of biomass was loaded into a beaker and mixed with a certain ratio of distilled water on 
a hot-plate magnetic stirrer at 60oC for 15 minutes. Agitation at 600 rpm was used to ensure the uniform 
mixing of biomass. The biomass to water ratio during washing was 1:5, 1:8, 1:10, 1:20, and 1:50. After 
washing, the mixture was filtered, and all the samples were weighed on an analytical balance for the mass 
balance calculation.  
2.3. Compositional Analysis : potassium (AAS)and ash (XRF) 
The potassium element was analyzed using the atomic absorption spectrometry (Hitachi Z-5010 
Polarized Zeeman Atomic Absorption Spectrophotometer, Japan). Prior to analysis, the biomass samples 
were digested using the hot-plate digestion method. Some indices for slagging and fouling have been 
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widely used as a measure of deposition tendency of a fuel ash [3-4, 7]. The deposition tendency indices 
are listed in Table 1. To calculate the slagging and fouling indices, the ash oxides composition of 
untreated and treated EFB material was analyzed by the X-ray fluorescence (XRF) technique using the S2 
Ranger energy dispersive X-ray fluorescence spectrometer (Bruker AXS, Germany). 
Table 1. Slagging and fouling indices [4]  
 
 
3. Results and Discussions 
3.1. Fuel characteristics of hydrothermal and leached products 
Several pretreatment processes may generally change the chemical compositions of biomass, thus 
could affect the fuel characteristics of biomass. To evaluate the change in fuel characteristics, the ultimate 
analysis of the raw EFB and the treated products was performed and reported in Table 2. The 
hydrothermally treated EFB is denoted as HT; while the leaching treated EFB is denoted as HTW. The 
number shows the HT temperature.  
Table 2. Ultimate analysis and heating value of raw EFB, hydrothermally treated EFB and leached EFB  
Hydrothermal Leaching Analysis Raw 
HT100 HT150 HT180 HT220 RW HTW100 HTW150 HTW180 HTW220 
Ultimate Analysis (wt% on dry ash free basis) 
C 43.56 44.07 45.25 46.43 49.98  45.02 44.78 45.05 46.82 50.74 
H 5.34 5.24 5.51 5.57 5.38  5.79 5.42 5.52 5.88 5.46 
N 0.56 0.79 0.59 0.40 0.77  0.44 0.80 0.63 0.26 0.73 
O (diff) 45.64 45.30 45.25 45.40 39.77  46.75 45.90 46.10 46.14 40.37 
Cl 0.67 0.23 0.26 0.18 0.50 0.50 0.13 0.12 0.19 0.30 
S 0.11 0.08 0.09 0.03 0.09 0.07 0.09 0.04 0.04 0.06 
Ash 4.90 4.60 3.40 2.20 4.10  2.00 3.10 2.70 0.90 2.70 
Heating value 
(MJ/kg) 16.76 16.81 17.57 18.05 19.65 17.72 17.23 17.42 18.51 19.95 
Indices Expression/wt% Deposition degree 
< 0.206 Slight 
0.206 - 0.4 Moderate Base/acid ratio (B/A) 
(Fe2O3+CaO+MgO+Na2O+K2O) 
(SiO2+Al2O3+TiO2) 
>0.4 Severe 
<0.6 Slight 
0.6-40 Severe Fouling Index (FI) B/A x (Na2O + K2O) 
>40 Extremely severe 
<0.6 Slight 
0.6-2.0 Moderate 
2.0-2.6 Severe 
Slagging Index (SI) 
Rs= (B/A) x Sd  
Sd = % of S in dry fuel 
>2.6 Extremely severe 
0.17-0.34  Probable 
Alkali Index (AI) (Na2O+K2O) kg/GJ 
>0.34 Certain to occur 
<0.2 Slight 
0.2-0.3 Moderate 
0.3-0.5 Severe 
Chlorine content (Cl) Cl content as received 
>0.5 Extremely severe 
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From the results, the trends of the compositional change can be observed. Carbon content was 
increased after HT process, progressively with the temperature increase. These results agree with the 
other previous researchers [8-9]. On the other hand, the leaching seems to increase the carbon content 
slightly.  HT significantly reduced the ash and chlorine contents, and these contents can be reduced 
further by the leaching process. The lowest ash content was found at the combination of HT180 and the 
leaching with total 82% reduction of ash. At the same time, the chlorine content can be reduced from 
0.67% to 0.1 – 0.2% with the combination of low temperature HT and the leaching.   
3.2. Potassium removal behavior 
3.2.1. Effect of the combination of HT and the water leaching on the potassium removal efficiency 
 
Potassium content of the raw EFB was found relatively high with approximately 32.37 g/kg biomass or 
around 3.2 wt%. Potassium is usually present in biomass in the form of ionic K+ and highly soluble in 
water [15], also forms weak complexes with organic acid ions [1]. Hence, potassium is easily leached 
from the biomass. The potassium concentration and the removal efficiency of EFB after HT and the 
leaching process is presented in Fig 2. Leaching the raw biomass without prior HT process can decrease 
half of potassium content in the biomass. However, when the biomass was treated with the combination 
of HT and the leaching, the removal efficiency can be enhanced to above 80% and even 92% during HT 
180°C. Potassium was removed mostly during HT, with the removal efficiency increase with the 
increasing of HT temperature. From Fig 2, it can be seen that HT at 180°C followed by the leaching was 
the optimum condition for potassium removal. The efficiency of the leaching stage for HT220 is found 
low which might be due to the re-absorption by porous structure produced from HT under the reaction at 
220°C. 
 
 
 
 
 
 
 
 
 
     
Fig 2. K content and the overall K removal efficiency of          Fig 3. K content and the overall K removal  efficiency 
EFB treated with various HT and leaching conditions               of  HT 180 EFB at various biomass/water ratio 
3.2.2. Effect of the solid to liquid ratio on the potassium removal efficiency 
 
Figure 3 shows the potassium concentration and potassium removal efficiency of HT180 sample 
leached with various biomass/water ratios ranging from 1:5 to 1:50. The potassium content was ranged 
between 2500 – 7000 mg/kg, and it was found that increasing the water ratio enhance the removal 
efficiency of potassium. The highest removal efficiency was 95%, when leached with 1:50 biomass/water 
ratio.   
3.2.3. Potassium balance  
 
To evaluate the potassium distribution after HT and the leaching process, the potassium balance were 
calculated based on the determined mass balance and the potassium concentration in each productFig. 3 
shows the potassium balance in the products after combination of HT (180°C, 30 min) and the leaching 
(1:10, 60°C, 15 min). In this calculation, the input potassium concentration of raw EFB was assumed as 
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the datum (100%). Under HT condition at 180°C, it appears that approximately 80% of potassium from 
the biomass was removed to the liquid product. After the subsequent leaching process of the HT treated 
solid, the remaining potassium in the leached products were only 8.1%. It is noteworthy that no 
significant amount of potassium was found in the condensed water after HT. Therefore, the condensed 
water can further be utilized to leach the HT solid instead of using fresh water to minimize the water 
consumption. The HT liquid contains a high content of potassium, chlorine and probably other nutrients, 
which are very essential elements for plants, also has the possibility to be used for fertilizer. Further 
investigation on the feasibility of HT liquid application as fertilizer is needed. 
 
 
 
 
 
 
 
 
 
 
 
Fig. 3. Potassium balance for the hydrothermal and the leaching process combination of EFB 
3.3. Ash Analysis: slagging-fouling indices  
Table 3 presents the ash elemental percentage obtained by the XRF analysis. The elemental Si, Na, K, 
Ca, Mg, S, P, Al and Fe species in ash was found as an oxide in the forms of SiO2, Na2O, K2O, MgO, SO3, 
P2O5, Al2O3, and Fe2O3 [6]. It was observed that potassium oxide is dominant species in raw EFB with 
percentage of 48.94%, showing that most potassium is still present in the ash after oxidation. The 
potassium percentage in ash decreased after HT, and decreased more following the leaching process. A 
total decrease of 72% in K2O was observed with the HT and leaching combination. However, some 
elements such as SiO2, Na2O, MgO, and Al2O3, were seen to have a slight increase after both processes. 
The possible reason for these increases is because some elements have different characteristic with each 
other related to how these elements present in the biomass matrix. Otherwise, it might be because of the 
relative weight percentage from the ash analysis, therefore the other elements that are not reduced or 
constant were seen to increase due to the potassium oxide significant reduction.  
Table 3. Elemental analysis of ash of raw EFB and treated products by XRF 
Biomass 
Sample 
K2O 
(%) 
SiO2 
(%) 
CaO 
(%) 
Fe2O3 
(%) 
MgO 
(%) 
SO3 
(%) 
Na2O 
(%) 
P2O5 
(%) 
Al2O3 
(%) 
TiO2 
(%) 
Undetermined 
Raw EFB 48.94 19.00 7.92 5.48 4.35 3.99 3.89 2.96 2.49 0.74 0.24 
HT 180 26.98 28.64 10.68 6.56 5.92 4.93 6.08 2.50 6.77 0.69 0.25 
HTW 180  13.53 33.89 9.25 4.46 8.16 5.98 11.91 2.77 9.53 0.37 0.16 
Table 4. Slagging and fouling indices for raw EFB and treated products (H = high, M = medium, L = low deposition) 
Biomass sample FI SI AI Chlorine 
Raw EFB 1.84 M 0.38 L 1.54 H 0.67 H 
HT 180 0.58 L 0.05 L 0.40 H 0.18 L 
HTW 180  0.33 L 0.05 L 0.12 L 0.19 L 
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Several slagging and fouling indices defined in Table 1 was calculated based on the elemental analyses 
presented in Table 3 for the raw EFB, HT 180, and HTW 180. The B/A, SI, and Cl are widely used to 
predict the slagging tendency, while FI and AI was used as a measure for fouling tendency. The 
evaluation of slagging and fouling tendencies of the raw EFB, HT 180, and HTW 180 is presented in 
Table 4. Except for the FI, all the indices were clearly shown that raw EFB has high deposition tendency 
in the boiler furnace. After HT, the FI and Cl of the EFB can be reduced to 0.58 and 0.18 respectively, 
showing the low tendency of deposition. Meanwhile, AI was still in the high occurrence degree. Leaching 
process following the HT can improve all the indices; reduce the tendency to low deposition degree. 
4. Conclusions 
HT process improves the fuel characteristics of EFB by increasing the carbon content, and decreasing 
the ash, potassium and chlorine content. According to the results, the combination of HT process at 
180°C and the water leaching (1:10 biomass/water ratio) can efficiently remove 92% potassium, 82% ash, 
and 71.6% chlorine. The condensed water from HT process can be further utilized for leaching the solid 
product to minimize water consumption and the liquid product can be considered potential to be used as 
fertilizer due to its high potassium content. Furthermore, the slagging and fouling tendency of EFB is 
improved after HT followed by the leaching process.  
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